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Enantiodetection is an important and challenging task across natural sciences. The cyclic three-level models
of chiral molecules provided possibilities to obtain the ultimate limit of the enantioselectivities in purely electric
dipole effects, yielding an emerging frontier in enantiodetection. However, the generated enantioselectivities
were usually severely reduced in the strong decoherence region, failing most of the related chiroptical methods.
Here, we propose enantioselective switches of molecular responses by well designing the electromagnetic
fields based on the dissipative cyclic three-level model of chiral molecules and provide a chiroptical method
of enantiodetection. In our switches, the steady-state responses are turned on for the selected enantiomer and
simultaneously turned off for its mirror image, which corresponds to the ultimate limit of enantioselectivities.
The switches can survive in the strong decoherence regions, and so does the suggested chiroptical method of
enantiodetection. Our results give more insight into answering whether the enantioselective responses of light
based on the cyclic three-level model can survive in the strong decoherence region and thus have a potential
impact on further research.
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I. INTRODUCTION

Chiral molecules are ubiquitous. They contain two species,
named enantiomers, that are mirror images of each other but
are not superimposable by translations and rotations. While
two enantiomers share almost identical physical properties,
such as melting and boiling points, they play significantly
different roles in broad classes of chemical reactions, bi-
ological activity, and the function of drugs. Beyond these,
there is constant interest in measuring the predicted parity
violation (PV) in small chiral molecules due to weak nuclear
force [1–5]. Therefore, enantiodetection, aiming to decide
enantiomeric excess (i.e., the excess of one enantiomer over
the other in a chiral mixture), is an extremely important
and challenging task across natural sciences [6–21]. Tra-
ditionally, the enantiodetection was accomplished by using
optical rotation, circular dichroism, and Raman optical ac-
tivity [6–9]. The differences between the responses of two
enantiomers under the same driving fields result from the in-
terference between electric-dipole and weak magnetic-dipole
(or electric-quadrupole) light-matter interactions, making the
enantioselectivities (i.e., the relative differences) usually tiny
and not freely adjustable.

Nowadays, developing more efficient chiroptical methods
purely relying on electric-dipole light-molecule interactions
is becoming an emerging frontier. The suggested electric-
dipole-based methodologies with strong laser fields included
photoelectron circular dichroism (PECD) [22], photoex-
citation circular dichroism (PXCD) [14], high harmonic
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generation (HHG) symmetry-breaking spectroscopy [23,24],
and others [25–29] (for more details, see a recent review
[30] and the references therein). Yet, the applied fields were
usually too strong, resulting in the breaking of molecular
structures.

There were also electric-dipole-based methodologies based
on cyclic three-level models of chiral molecules introduced
by Král et al. [31], without the requirement of strong laser
fields. The products of the corresponding three electric-dipole
transition moments change signs with enantiomers, making
molecules of opposite chirality respond differently to the same
driving electromagnetic fields. Based on the cyclic three-level
model, enantiospecific state transfer (ESST) [31–40], spatial
separation of two enantiomers [41–43], enantiodiscrimination
[44–50], and enantioconversion [51–56] were theoretically
discussed.

ESST is about transferring two enantiomers from the same
initial states to two final states of different energies. People are
interested in the fast methods of ESST [32–40] because the
initial method [31] was based on the slow adiabatic process.
The two enantiomers after ESST can be further spatially
separated to obtain the enantiopure sample of desired chirality
by using energetic processes. The spatial separation of two
enantiomers was also discussed by using enantioselective
light-induced fields [41–43]. For enantiodiscrimination,
different responses of light, such as the enantioselective light
absorption [44], the enantioselective three-wave mixing [57],
the enantioselective light refraction [45,58], the enantioselec-
tive ac Stark effect [46,47], and the enantioselective responses
of a hybrid cavity-molecule system [48–50,59], were
discussed. It is even possible to convert chiral mixtures to
enantiopure samples [51–56] by including achiral electronic
or vibrational states in the cyclic three-level model.
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On the experimental side, ESST was explored in cold gas-
phase samples [60–62] by manipulating rotational transitions
of chiral molecules in the microwave band. The working
model therein is different from the original model com-
posed of vibrational or electronic transitions [31], where the
molecular decoherence, the Doppler effect, and the phase-
mismatching cause the enantioselectivities to hardly survive
[63]. The cold gas-phase sample manipulated in the mi-
crowave band is almost unaffected by these problems and
thus provides an ideal platform to develop novel chiroptical
methods [33–40,45–47,60–62] and gain a better microscopic
understanding of molecular chirality [64]. Another successful
example is the enantioselective microwave three-wave mixing
for enantiodiscrimination [65–71], where the yielding signals
of two enantiomers differ in phase by π .

To extend the applications of the cyclic three-level model
of chiral molecules, it is crucial to know whether the enan-
tioselective responses of light based on the cyclic three-level
model can survive in large molecular decoherence regions.
Unfortunately, the answer is usually negative for most related
chiroptical methods. Taking enantioselective ac Stark spec-
troscopy as an example [46,47], the molecular decoherence
gives rise to spectral broadening, which can overwhelm the
enantioselectivities in the spectroscopy in the large decoher-
ence region and make the chiroptical method fail. To deal with
this problem, the advanced probe method by using frequency-
entangled photon pairs [72] and the data-analysis method with
the help of machine learning [73] were suggested.

In this paper, we explore the question by examining the
steady-state physics of a dissipative cyclic three-level model
of chiral molecules with the consideration of bath temper-
ature. Our results show that strong enantioselectivities and
even the ultimate limit of enantioselectivities can survive in
the large decoherence region. By appropriately designing the
three applied electromagnetic fields, we can obtain enantios-
elective switches of steady-state responses. That is to say,
the responses are turned on for the selected enantiomer and
simultaneously turned off for its mirror image (i.e., the ul-
timate limit of enantioselectivities). When the phase of one
driving field is increased by 180◦, the responses of the two
enantiomers exchange with each other, yielding the mirror
chiral switch of the initial chiral switch. By comparing the
responses in a chiral switch and its mirror switch, we can
determine the enantiomeric excess of chiral mixtures.

II. DISSIPATIVE CYCLIC THREE-LEVEL MODEL

To exclude the effect of other problems and make our
results experimentally reachable, we still work in the cold
gas-phase samples and in the microwave band, where the
decoherence rates can be adjusted by increasing the density of
the buffer gas. The rotations of chiral molecules are described
by asymmetric top rotors, whose eigenfunctions can be de-
noted as |Jτ,M〉. Here, J is the angular momentum quantum
number, M is the magnetic quantum number, and τ runs from
−J to J in unit steps in the order of increasing energy. We
choose the working states as |1〉 = |00,0〉, |2〉 = |1−1,0〉, and
|3〉 = |10,1〉 [74,75]. They are in the electronic and vibrational
ground state, such that our proposal works in the microwave
region. By denoting the energies of the working states as h̄v j ,

FIG. 1. Model of the left- and right-handed chiral molecules as
cyclic three-level systems. Three electromagnetic fields couple to the
electric-dipole transitions of two enantiomers in a cyclic manner with
different coupling strengths, �L

l j = −�R
l j = �l j (3 � l > j � 1).

we give the bare transition angular frequency of the transition
|l〉 ↔ | j〉 as vl j = vl − v j (l > j).

Three electromagnetic fields �E21 = �ezE21eiω21t + c.c.,
�E31 = �e+1E31eiω31t + c.c., and �E32 = �e+1E32eiω32t + c.c. with
the complex amplitude El j are constantly applied to the
sample of chiral molecules in the three-photon resonance
condition (i.e., ω31 = ω21 + ω32). Here, the polarization
vectors are �e+1 = (�ex + i�ey)/

√
2 and �e−1 = −(�ex − i�ey)/

√
2.

Three applied fields are near-resonantly coupled with the
corresponding transitions in a cyclic manner, |2〉 ↔ |1〉 ↔
|3〉 ↔ |2〉 (see Fig. 1). The other selection-rule-allowed
electric-dipole transitions with different bare transition
frequencies are off-resonantly coupled with the applied fields
and thus are negligible. In this sense, rotational averaging
is already involved because the magnetic degenerated
states of the working states are not coupled to the working
models [74].

For simplicity and without loss of generality, we choose
the angular frequencies of the applied electromagnetic fields
as ω21 = v21 and ω31 − ω32 = v21. In the rotation-wave ap-
proximation, the Hamiltonians of the two enantiomers in the
interaction picture are

HQ = h̄�|3〉〈3| +
3∑

l> j=1

h̄�
Q
l j |l〉〈 j| + H.c., (1)

where Q = (L, R) is used to distinguish two enantiomers.

The coupling strengths are given by �
Q
l j = �dQ

l j · �el jEl j/(2h̄),
where �el j are unit vectors for the fields. Because transition

electric-dipole moments �dQ

l j change sign with enantiomers

(i.e., �dL

l j = −�dR

l j = �d l j), the coupling strengths in Eq. (1) are
enantioselective,

�L
l j = −�R

l j = �l j . (2)

The evolution of dissipative chiral molecules under the
driving of Hamiltonian (1) is given by the master equa-
tion [76,77]

ρ̇ = −i[HQ, ρ] + L(ρ). (3)

To consider the dissipation of chiral molecules, we
have introduced the superoperator L(ρ) = Lin

rel(ρ) + Lexc
rel
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(ρ) + Ldep(ρ). It is due to the effect of the environment-
system coupling under the Markovian approximation [77].

In the standard Lindblad approach, we have [76]

Lin
rel(ρ) = −

3∑
l> j=1

[
n̄b

l j

�l j

2
(σ jlσl jρ − σl jρσ jl )

+ (
n̄b

l j + 1
)�l j

2
(σl jσ jlρ − σ jlρσl j )

]
+ H.c., (4)

where we have used σl j = |l〉〈 j| and �l j are relaxation rates.
The subscript “rel” is the abbreviation for “relaxation.” It
indicates the source of the dissipation that the system and
environment exchange energy, making the change of both
the diagonal and off-diagonal terms of the density matrices.
This is usually due to the coupling of the system with the
thermal vacuum (e.g., spontaneous emissions) and inelastic
collisions. The subscript “in” indicates the relaxation that
happens among the working states of the cyclic three-level
model. The bath temperature is considered by using nonzero
thermal average boson number,

n̄b
l j = 1

exp
( h̄vl j

kBT

) − 1
, (5)

where kB, T , and vl j are the Boltzmann constant, the bath
temperature, and the angular frequency of the bath boson,
respectively.

When the term of Lin
rel is active, the population transits

between states of the three-level model. The chiral molecules
can emit energy to or absorb energy from the buffer gases, i.e.,
the chiral molecules can be excited from a lower-energy state
to a higher-energy state or deexcited due to the collisions with
the buffer gases. Then, the equilibrium state in the absence
of electromagnetic fields is the thermal state. This is consis-
tent with the existing buffer-gas-cooling experiments [65–71],
where all three working levels are populated almost equally. In
contrast, in the previous dissipative model [46,47], the chiral
molecules can only emit energy to the buffer gases, and thus
the equilibrium state in the absence of electromagnetic fields
is the ground state.

The superoperator Lexc
rel (ρ) mimics the spontaneous emis-

sions and inelastic collisions concerning other states outside
the working model. When the term of Lexc

rel is active, the
population transits between states in and out of the three-level
model. These processes are accompanied by changes in the
off-diagonal terms. In the appearance of the relaxation includ-
ing the states outside the working states, the three-level model
cannot fully describe real chiral molecules. However, we note
that the dynamic equilibrium between the working levels and
others does exist. Therefore, we mimic the decoherence of the
cyclic three-level model due to the states outside the working
model as [

Lexc
rel (ρ)

]
j j = −γ exc

j

(
ρ j j − ρES

j j

)
,[

Lexc
rel (ρ)

]
l j = −γ exc

l j ρl j, (6)

where ρES
j j is the population of the state | j〉 in the field-free

thermal equilibrium state of real chiral molecules. γ exc
j and

γ exc
l j are the corresponding decoherence rates related to the

diagonal and off-diagonal terms of the density matrices.

The pure dephasing due to elastic collisions is described by
Ldep(ρ) with

[Ldep(ρ)]l j = −γ
ph
l j ρl j, [Ldep(ρ)] j j = 0. (7)

In elastic collisions, the system does not exchange energy with
the environment. Thus, when the term of Ldep is active, only
the off-diagonal terms of the density matrices are changed
without affecting the diagonal terms. This type of dissipation
is known as pure dephasing. Here, the subscript “dep” is the
abbreviation for “dephasing” and γ

ph
l j are the dephasing rates.

III. CHIRAL SWITCH OF STEADY-STATE RESPONSES

The state of the system in dynamic equilibrium is usually
called the steady state, which can be given by solving the
following steady-state equation:

0 = −i[HQ, ρ] + L(ρ). (8)

Here, we focus on ρ21, which governs the response of a
single steady-state molecule concerning the induced polariza-
tion �P(ω21) = �ezPz(ω21) ∝ ρ21. By further designing �21, we
expect to obtain chiral switches of two types of molecular
responses with ρ21 = 0 and Im(ρ21) = 0 for a selected enan-
tiomer.

We assume the sample takes the typical geometry of the
buffer-gas cell [65] of 10 × 10 × 10 cm3. The size of the
molecular sample is much smaller than the typical wave-
lengths of microwave electromagnetic fields. Therefore, the
molecules at different positions are approximately phase
matched. Further, we choose the waists of the Gaussian beams
to be much larger than the size of the sample, such that
the coupling strengths are approximately spatially uniform
in the interaction region. By taking the typical buffer-gas-
cooling experimental values [65–71], we use �32 = �31 =
�̄ = 2π × 1 MHz for simplicity and without loss of gener-
ality.

In typical buffer-gas-cooling experiments [65–71], the ro-
tational state coherence is destroyed on a timescale of about
6 microseconds. The estimated decoherence rate is about
2π × 1/6 	 2π × 0.1 MHz, which corresponds to the weak-
decoherence case. In the studies of transient physics [65–71],
such a decoherence rate is negligible. But, in our study of
steady-state physics, the decoherence rate should not be ne-
glected. We demonstrate the chiral switch of steady-state
responses with an example of 1,2-propanediol. The corre-
sponding bare transition angular frequencies are v21 = 2π ×
6431.06 MHz, v32 = 2π × 4931.95 MHz, and v31 = 2π ×
11363.01 MHz [78]. By taking the typical buffer-gas-cooling
temperature of 10 K, we estimate that ρES

11 	 1‰, ρES
22 	

0.9696‰, and ρES
33 	 0.9431‰ [78].

A. Switch of radiations

The first type of chiral response of our interest is the in-
duced radiation of the angular frequency ω21 at far-field point
�r = r�ex, which is given as [46]

�E 	 k2
21

4πε0

eik21r

r3
[�r × nVρ21�d21] × �r. (9)
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FIG. 2. Chiral switch of radiations. (a) and (b) give �0 and φ0

as functions of the detuning at different decoherence rates. (c) and
(d) give the corresponding |ρR

21| and |ρL
21|. We choose �32 = �31 =

�̄ = 2π × 1 MHz for simulations.

Here, we assume the sample is placed at the origin. The den-
sity of the sample is denoted as n. The volume of the sample
is denoted as V . We are interested in the case ρL

21 = 0 and
ρR

21 
= 0. This condition can be satisfied by adjusting the com-
plex coupling strength �21. In such a case, the corresponding
amplitude and phase of �21 is denoted as �0 and φ0, which
are given by solving Eq. (8) of the left-handed molecule with
the condition of ρL

21 = 0. We note that when changing the
phase of �32 by π , the behaviors of two enantiomers will
exchange with each other. That is to say, in the case of �0

and φ0 + 180◦, we can obtain a new switch with ρL
21 
= 0 and

ρR
21 = 0, which is the mirror switch of the initial one with �0

and φ0.
In Figs. 2(a) and 2(b), we give �0 and φ0 as functions of

the detuning at weak- (red dotted lines), medium- (blue solid
lines), and strong- (magenta dashed lines) decoherence rates.
Here, for simplicity and without loss of generality, we have as-
sumed �l j = γ

ph
l j + γ exc

l j = γ exc
j = γ . To further confirm the

switch of radiation, we inset �0 and φ0 back to Eq. (8) of
the two enantiomers and solve the corresponding ρR

21 and ρL
21.

Because of numerical error, ρL
21 are nonzero [see Fig. 2(d)].

But ρL
21 are sufficiently small and are about 10 orders of mag-

nitude smaller than the corresponding ρR
21 [Fig. 2(c)]. Further,

in Figs. 3(a)–3(d), we give �0 and φ0 as functions of γ /�̄ for
different values of detuning as well as the corresponding val-
ues of |ρR

21| and |ρL
21|. These results demonstrate that the chiral

switch of radiations is a universal phenomenon of dissipative
chiral molecules driven in the cyclic three-level model, which
even survives at strong decoherence region with γ /�̄ � 10.

The induced radiation �E and the driving field �E21 have
the same frequency, such that they cannot be distinguished
in the frequency domain. To solve this problem, we can detect
the free-induced decay signals after suddenly turning off all
the driving fields after the system enters the steady state.
At the weak decoherence γ /�̄ = 0.1 (or, equivalently, γ =
2π × 0.1 MHz) and � = 0, we have that the signal at r = 1 m
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FIG. 3. Chiral switch of radiations. (a) and (b) give �0 and φ0 as
functions of γ /�̄ at different values of detuning �. (c) and (d) give
the corresponding |ρR

21| and |ρL
21|. We choose �32 = �31 = �̄ =

2π × 1 MHz for simulations.

for enantiopure right-handed molecules is about | �E| 	 4.5 ×
10−6 V/m by using the typical density of the 1,2-propanediol
sample in the buffer-gas cell [65] (n = 1012 cm−3). We note
that it is possible to detect such weak microwave radiations by
using microwave single-photon detectors [79,80].

B. Switch of absorptions

The second type of chiral response of our interest is the
absorption of the driving field �E21. In the slowly varying
amplitude and phase approximation, it is given as

δE 	 −nl
k21

ε0
Im(ρ21)d21, (10)

where n is the density of the sample and l is the propagat-
ing length of E21 in the sample. The switches of radiations
are also switches of absorptions. At the weak decoherence
γ /�̄ = 0.1 (or, equivalently, γ = 0.1 MHz) and � = 0, we
have Im(ρL

21) = −8.277 × 10−7 for the enantiopure sample.
Therefore, the absorption signal of the enantiopure sample is
about δE 	 2.88 × 10−6 V/m, where we use the typical den-
sity and length of the 1,2-propanediol sample in the buffer-gas
cell [65] with n = 1012 cm−3 and l = 10 cm.

We note that for the switches of absorptions, the require-
ment on the steady state is Im(ρ21) = 0 for one enantiomer
and Im(ρ21) 
= 0 for its mirror image. That is to say, the
switches of absorptions may not be switches of radiations.
In Fig. 4(a), we show �0 for the switch of absorptions at
different φ. The corresponding Im(ρ21) for the two enan-
tiomers are given in Fig. 4(b). These results show that only the
absorptions of one enantiomer are nonzero, i.e., the switches
of absorptions. We can see that the switches of absorptions
for one enantiomer change to the switches for its mirror
image via increasing the phase by 180◦, i.e., the switches
of absorptions have their mirror chiral switches. We can see
there are two exceptional points near φ 	 90◦ and φ 	 270◦,
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switch of absorptions at different φ. (b) gives the corresponding
Im(ρ21) for the two enantiomers. We choose �32 = �31 = �̄ =
2π × 1 MHz for simulations.

where the absorptions of the two enantiomers are turned off
simultaneously.

Similar to the switches of radiations, the appearance of
switches of absorptions is a universal property of dissipative
chiral molecules driven in the cyclic three-level model. To
demonstrate this, we give �0 as a function of � for φ = 0
in the small-decoherence case with γ /�̄ = 0.1, the medium-
decoherence case with γ /�̄ = 1, and the large-decoherence
case with γ /�̄ = 10 [see Fig. 5(a)]. The corresponding

010

-210

-410

-610
1000 20 40 60 80

1

1

(a)

-610

-810

-1010

-1210

-1410
1000 20 40 60 80

(b)

1

1

-1510

-2010

-2510

-3010
1000 20 40 60 80

(c)

-110 10
0

10
1

10
2

10
0

-210

-4

10
-6

10

(d)

-110 10
0

10
1

10
2

-8

10
-6

10

-1010

-14

10
-12

10

(e)

10

10

10

10

10
-110 10

0
10

1
10

2

-16

-20

-24

-28

-32

(f)

FIG. 5. Chiral switches of absorptions. (a) gives �0 as a function
of � for φ = 0 in the small-decoherence case with γ /�̄ = 0.1, the
medium-decoherence case with γ /�̄ = 1, and the large-decoherence
case with γ /�̄ = 10. (b) and (c) give the corresponding |Im(ρ21)| of
the two enantiomers. (d) gives �0 as a function of γ /�̄ for different
�. (e) and (f) give the corresponding |Im(ρ21)| of the two enan-
tiomers. We choose �32 = �31 = �̄ = 2π × 1 MHz for simulations.

|Im(ρ21)| of the two enantiomers are given in Figs. 5(b) and
5(c). Because of numerical error, |Im(ρL

21)| are nonzero. But
they are sufficiently small and are about 10 orders of mag-
nitude smaller than the corresponding Im(ρR

21). At � = 0,
we find that Im(ρR

21) 	 Im(ρL
21) 	 0, which are exceptional

points. We also give �0 as a function of γ /�̄ for different
� in Fig. 5(d). The corresponding steady state |Im(ρ21)| for
two enantiomers is given in Figs. 5(e) and 5(f). The results in
Figs. 5(d)–5(f) further confirm the universality of the appear-
ance of the switches.

As we have shown, the enantioselective switches are ob-
tained by appropriately designing the driven fields. Although
the steady state is the result of decoherence processes, the
high enantioselectivities in the signals are the results of the
enantioselective cyclic three-level Hamiltonian (1). In the pro-
cess of obtaining well-designed driving fields for the case of
induced radiation, we have inserted ρL

12 = 0 in Eq. (8) and
use �12 as the unknown parameter. Then, we obtain equa-
tions concerning �12 and other unknown parameters of the
density matrix. The equations are solvable because they are
linear and the number of unknowns is equal to the number
of equations. Under the same fields, we usually have ρR

12 
= 0
because the Hamiltonians of two enantiomers are different. In
the process of obtaining well-designed driving fields for the
case of induced radiation, we insert Im[ρL

12] = 0 in Eq. (8) and
use �12 as the unknown parameter. Then, we can fix the phase
or amplitude of �12 to find the solutions. In this case, the
number of unknowns is equal to the number of equations. Un-
der the same fields, we usually have Im[ρR

12] 
= 0. These are
the underlying mathematics of our enantioselective switches,
which are preserved without regard to concrete forms of the
dissipative model and thus make it possible to obtain high
enantioselectivities in the strong-decoherence regions. We
note that due to the enantioselective cyclic three-level Hamil-
tonian (1), the diagonal terms ρii are also enantioselective in
the steady state.

IV. DETECTION OF ENANTIOMERIC EXCESS

Using the chiral switches, we can determine the enan-
tiomeric excess of a chiral mixture [ε ≡ 2(pL − pR)/(pL +
pR)]. Here, pL and pR are the proportions of left- and right-
handed molecules in the chiral mixture. For this purpose,
we use the fact that the steady-state density matrix of one
enantiomer is the same as that of the enantiomer of opposite
chirality by increasing the phase φ by 180◦, i.e., ρL(φ) =
ρR(φ + 180◦). Because the electric dipoles change signs with

two enantiomers (i.e., �dL

21 = −�dR

21), the collected signals of
chiral mixtures in the two cases are [see Fig. 4(a)]

S1 = SL pL + SR pR, S2 = −SR pL − SL pR, (11)

where SL and SR are the corresponding signals for enantiopure
samples of opposite chiralities. When the applied fields are
well designed to form the chiral switches, we have SL = 0 and
SR 
= 0, such that the enantiomeric excess is estimated as

εe = 2
S2 + S1

S2 − S1
. (12)

Because Q(= L, R) does not indicate the absolute configura-
tion of the chiral molecule, the enantiomeric excess here is
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not the absolute enantiomeric excess concerning the absolute
configuration.

The advantages of our scheme are as follows. Our scheme
can serve as a sensitive chiroptical method in and beyond
the weak-decoherence regions because of the universality of
the chiral switches. In contrast, other spectroscopic methods
[46,47] based on the cyclic three-level model are only effi-
cient in the weak-decoherence region. Our scheme is sensitive
to rotational constants and thus is applicable for mixtures
of different types of chiral molecules. Our scheme yields
nonzero signals in racemic samples. This is impossible in
the three-wave mixing spectroscopy [57,65–71]. When the
details of the dissipative model of chiral molecules [i.e., L(ρ)]
are well known, the switches can be obtained, as shown in
Sec. III, such that the current chiroptical method can be used
determine the enantiomeric excess without the requirement
of enantiopure samples. In contrast, in the three-wave mix-
ing spectroscopy [57,65–71] and the traditional chiroptical
methods [6–9], the enantiopure samples are required. When
the details of the dissipative model of chiral molecules are
unknown, the switches can be obtained by using an enan-
tiopure sample as a reference to find the appropriate applied
fields. The searching task for the switch of absorptions is a
single-parameter search problem. This offers it an advantage
over the switch of radiations whose searching task is a double-
parameter search problem.

It is helpful to explore the system error due to the deriva-
tions from the perfect chiral switches. In such cases, we have
SL 
= 0 and SR 
= 0. According to Eqs. (11) and (12), the
relative error due to the derivations is given as

η ≡
∣∣∣∣εe − ε

εe + ε

∣∣∣∣ =
∣∣∣∣SL

SR

∣∣∣∣. (13)

The relative error is identical for all values of ε and thus serves
as a good criterion for our further discussions. In Fig. 6(b),
we show the values of η on the δ�/�0 − δφ plane for the
switches of radiations in the case of γ /�̄ = 0.1 and � = 0.
Highly efficient estimation of enantiomeric excess with rela-
tive error of less than 1% can be obtained in the red dashed
cycle. Further, we give the critical value δ�c for η = 1% at
δφ = 0 [see Fig. 6(c)] and the critical value δφc for η = 1% at
δ� = 0 [see Fig. 6(d)] as the functions of � at different γ /�̄.
In Fig. 6(e), we give the values of η as a function of δ� for the
switches of absorptions at γ /�̄ = 0.1, � = 2π × 10 MHz,
and φ = 0. In Fig. 6(f), we give the critical values δ�c for
η = 1% as the functions of � at φ = 0 at different γ /�̄. These
results indicate that our scheme should be implemented in the
systems in which the precise controls of the coupling strengths
have been realized [60–62,65–71].

V. CONCLUSIONS

In summary, we have shown two types of enantioselec-
tive switches on responses of the dissipative chiral molecules
driven in the cyclic three-level model in the weak-decoherence
region and beyond. Based on these, we also have suggested a
scheme to determine the enantiomeric excess. In our scheme,
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FIG. 6. Detection of enantiomeric excess. (a) gives the signals in
the chiral switch and its mirror chiral switch as the functions of enan-
tiomeric excess. (b)–(d) explore the relative error for the switches of
radiations. (b) gives the relative error η in the δ�/�0 − δφ plane.
The red dashed cycle indicates the relative error of 1%. (c) and
(d) give the critical values δ�c for η = 1% at δφ = 0 and δφc for
η = 1% at δ� = 0 as the functions of � at different γ . (e) and (f)
explore the relative error for the switches of absorption. (e) gives the
values of η as a function of δ� at γ /�̄ = 0.1, � = 2π × 10 MHz,
and φ = 0. (f) gives the critical values δ�c for η = 1% as the func-
tions of � at φ = 0 at different γ .

the enantioselectivities can reach the ultimate limit of 200%,
which means the corresponding chiroptical method can be
more sensitive than the traditional ones, such as optical ro-
tation, circular dichroism, and Raman optical activity [6–9].
The ultimate limit of enantioselectivities in our switches can
survive in and beyond the weak-decoherence region, and so
does our scheme of enantiodetection. This offers our scheme
an important advantage over other proposals based on the
cyclic three-level model of chiral molecules. Although there is
still a long way to go for industrial applications, our results do
give more insight into answering whether the enantioselective
responses of light based on the cyclic three-level model can
survive in large molecular decoherence regions and thus have
a potential impact on further works.
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